The presence of insulation failure in the transformer winding is detected using the voltage and current oscillograms recorded during the impulse test. Fault diagnosis in transformers has several parameters such a s the severity of fault, the kind of fault and the location of the fault. Detection of major faults involving a large section of the coils have never been a big issue a n d several visual and computational methods have already been proposed by several researchers. The present paper describes a n expert system based on re-confirmative method for the diagnosis of minor insulation failures involving small number of turns in transformers during impulse tests. The proposed expert system imitates the performance of a n experienced testing personnel. To identify a n d locate a fault, a n inference engine is developed to perform deductive reasoning based on the rules in the knowledge base a n d different statistical techniques. The expert system includes both the time-domain and frequency-domain analyses for fault diagnosis. The basic aim of the expert system is to provide a non-expert with the necessary information and interaction in order to make fault diagnosis in a friendly windowed environment. The rules for fault diagnosis have been so designed that these are valid for the range of power transformers used in practice up to a voltage level of 33 kV. The fault diagnosis algorithm has been tested using experimental results obtained for a 3 MVA transformer and simulation results obtained for 5 and 7 MVA transformers.
INTRODUCTION
tion Level (BIL) and at a calibrating level. All these meth- However, contrary to the main philosophy, practical testing has indicated many serious problems of the transfer function method [14]. The possible sources leading to error and ambiguity in the transfer function computation are critically analyzed by Pandey et al [15] . Those can be summarized as (a) noise inherent in acquired data, (b) errors due to sampling, (c) A/D errors, (d) quantization, (e) finite record length effects and different signal processing methods being adopted, like windowing, filtering etc.
MPULSE
Keeping in mind all the above, the present paper proposes a method that does not depend either on time-domain or on frequency-domain exclusively. But it uses a re-confirmative approach hy combining the concepts for minor insulation failure diagnosis in transformers during impulse tests.
In reality, however, it is manually difficult to grasp the fault conditions and to identify the fault location because sound analytic knowledge and plenty of experience are required to judge fault conditions precisely. The kind of knowledge base required for carrying out these tasks may not be available in all the testing laboratories, particularly in developing countries. Unless the heuristics of fault diagnosis are well documented in a rule-base and the diagnosis algorithm is made transparent to the end-user, the controversies in the judgment procedure due to human factors will continue to persist. In this context, application of a reliable expert system in transformer fault diagnosis provides a good alternative approach.
In electric power systems the use of expert systems for fault diagnosis has already been presented by several researchers [16-191. Expert Systems have also been employed for dissolved gas analysis in power transformers [20-211. According to them, the effectiveness of such an expert system in emulating human heuristics depends on the precision and completeness of human knowledge accumulated over the years.
In this paper the proposed expert system tool aims at assisting the testing personnel to obtain unambiguous, reliable and quick decision in impulse-failure diagnosis of power transformers using both time and frequency domain analyses. To make the engineers free from the strenuous job of manual fault-diagnosis, a set of heuristic rules are compiled through consultation with the standards, literatures and the experts to ensure that the expert system detects a fault with high confidence, reliability and repeatability. These rules are coded into computer programs and are stored in the knowledge base of the expert system. The inference engine combines the heuristic rules of the rule-base along with mathematical and statistical methods of the expert system to act on the acquired data stored in the data base.
The expert system, which is implemented on a personal computer, has several fault diagnosis parameters to identify the faults occurring in the range of power transformers which are common in use for voltage ratings up to 33 kV. The transfer functions have been determined by MATLAB software. The performance of the expert system have been tested by experimental results obtained from the analog model of a 3 MVA, 33/11 kV transformer and also by results obtained through the Electro-Magnetic Transient Program (EMTP) simulation for a 5 MVA, 33/11 kV and also a 7 MVA, 20/6 kV transformer. It is found from the test results that the expert system is capable of identifying and locating a variety of winding faults in an efficient manner with high reliability. The expert system can be used for both testing and educational purposes.
THE EXPERT SYSTEM
The structure of the designed expert system, time and frequency domain analysis based expert system for diag- 
USER INTERFACE
The interactive user inte;face (UI) using simple menus as shown in Figure 2 . has been developed. With this U1, the user can ask the expert system to identify and locate the fault by using both the time domain and frequency domain analyses. The interface can display .both the time-magnitude and frequency-magnitude plot and also the tabular display of the waveforms. The UI can flash the results and decision tree of the fault diagnosis. The UI is also used to update the data and rules in the knowledge base.
KNOWLEDGE BASE
The specialized knowledge required for the develop- 
DATA BASE
The necessary data required for the data-base in the present work are voltage and current records (experimental or simulated as the case may he) at reduced voltage level and at full voltage level (BIL), respectively. For implementing the developed expert system the data have been collected through extensive experimcntation on the analog model of a 3 MVA transformer, and the data-base have heen updated by direct acquisition of the experimental results by a personal computer (PC) via a digital storage oscilloscope. Similarly, results for variety of faults have been obtained through EMTP based models of 5 and 7 MVA transformers. The data-base has also been updated by importing these simulation results. The expert system stores and retrieves data from the data-base before the actual fault detection analysis begins.
RULE BASE
The rule-base for the time and frequency domains has heen developed from the knowledge base as described above. The heuristic expert knowledge is encoded in sets of production rules with "If-then" structure in an inte- 
CLASSIFICATION OF FAULTS
Insulation failures may result in three kinds of winding faults in a transformer during impulse tests, namely series, shunt and a combination of both. Series fault implies insulation failure between the discs, while shunt fault implies insulation failure between the winding and earthed components like tank, core, etc. In practice it may also happen that a series fault occurs simultaneously with a shunt fault. The diagnostics for all these three type of faults have been incorporated in the rule base of the expert system for both time and frequency domain analyses as discussed below. The acronyms used for different types of faults considered in this study are given in Table 1 . sented in this paper, time-domain analysis has been done over a span of 250 ps for current waveforms, so that all kinds of faults can he thoroughly diagnosed.
TIME DOMAIN ANALYSIS
or coils involving 1% of the total winding length at a time.
It is observed that series fault at line end section is depicted by high frequency oscillation of around 200-400
SERIES FAULTS
kHz within the first 50 ps of the current wave. The magnitudes of oscillations in the BIL current wave are more Series faults represent short circuit faults across turns than that in the calibrating current wave. Also the times of occurrence of the oscillation peaks in the BIL current wave lag their corresponding calibrating wave ,'counterparts after 50 ps. Series fault at mid-winding section, however, is indicated by a deviation in the two current waveforms after a time of 50 ps. In such a case, although the respective times of occurrence of oscillation peaks are close between the BIL and calibrating current waves, the average peak-to-peak oscillation magnitude of, the BIL current wave is less than that of the calibrating current wave. In the case of series fault at ground-end section, the oscillation peaks of the BIL current wave leads the corresponding peaks of the calibrating wave by a large amount at the later part of the wave.
SHUNT FAULTS
Shunt fault at line end section is depicted by a large initial rush of current associated with a sudden dip of the applied voltage wave. This is caused by the "reflected wave phenomenon". It is observed that this dip in voltage wave can bring down the tail time of the voltage waveform 50 p s to as low as 25 to 40 ps along with a huge increase in the area under the curve. On the other hand, shunt fault at the mid-winding section is characterized by a remarkable increase in the number of oscillation peaks and reduction in the average peak to peak oscillation magnitude in the current wave corresponding to BIL as compared to the calibrating current wave.
In the case of shunt fault at ground-end section, the BIL current wave is similar to that due to SEL, except that the frequency of oscillation before 50 ps in the BIL current wave is less than the calibrating wave and 150 I.LS onwards, the BIL current wave is found to lead the calibrating current wave by a good amount.
SIMULTANEOUS FAULTS
The detection of simultaneous occurrence of faults within the winding needs a critical examination of the current waves. More often, more than one parameters are indicative of the nature and location of the simultaneous faults. SHLSE In the case of simultaneous occurrence of shunt fault at line end section along with any series fault along the length of the winding, the resulting current waveform is difficult to differentiate from that due to shunt fault alone at line end section. This is due to the fact that a shunt fault at the line end section diverts majority of the fault current to earth from the fault point and a-very small amount of current actually continue to pass through the rest of the winding. As a result, the occurrence of any kind of series fault thereafter barely alters the fault current. This situation is depicted in Table 2 and Table 3 where very little deviation is observed between the fault detection parameters corresponding to SHLSE and SHL. SHMSEM Simultaneous shunt and series faults at the mid-winding section result in a small increase in the area under the envelope of the under-shoots of the current wave at BIL. The number of oscillation peaks in the BIL current wave is much more than that in the calibrating current wave. The oscillation peaks in the current wave at BIL leads the respective peaks in the calibrating current wave and the leading time difference increases as the time progresses.
SHMSEE When a simultaneous series fault occurs at the ground-end section instead of mid-winding section, along with the shunt fault at the mid-winding section, the number of oscillations of the current wave at BIL is more than that for the calibrating current wave. Both the times of occurrence of the oscillation peaks and the areas under the curve for the BIL and calibrating current waves deviate substantially and their deviation increases with time.
SHESEL The simultaneous occurrence of shunt fault at earth end section and series fault at line end section is recognized by a lead in the times of occurrence of the oscillation peaks of the current wave at BIL with respect to the corresponding calibrating current wave. However, the numbers of oscillation peaks are nearly the same in both the current waves.
SHESEM If the area under the current wave at BIL is less than the calibrating current wave and the BIL current wave leads the calibrating wave after 150 ps by a large amount, then it indicates simultaneous occurrence of shunt presented in the integrated flow-chart shown in Figure 3 .
The different variables used in the flow-chart are discussed in Appendix I. ' fault at earth end and series fault at mid-winding section.
SHESEE
In the case when the series fault is nearer to 2.5 FREQUENCY DOMAIN ANALYSIS the ground end section along with a shunt fault at the ground-end, the average peak-to-peak oscillation magnitude of the current wave at BIL before 50 ps becomes close to the corresponding average peak-to-peak oscillation magnitude of the calibrating current wave, with the number of oscillation peaks being nearly same in both the Figure 4 shows typical current and voltage records of the 33 kV winding of a 3 MVA, 33/11 kV transformer, when a 1.2/50 ps lightning impulse of positive polarity is applied. Figure 5 shows the frequency spectra of the current and voltage records obtained using FFT. The FFT analysis has been done using the MATLAB Toolbox. The transfer function of the winding involving the current and voltage wave FFT-s is shown in Figure 6 . As described by Vajana et al [131, the FFT curves for both the voltage and current waves need to he calculated up to 200 kHz with at least 1000 sampling points. However, the first few dominant poles of the transfer function being confined within a span of 100 kHz, it is sufficient to carry out fault diagnosis based on transfer functions calculated up to a frequency of 100 kHz.
The Transfer functions (TF) were calculated for both the calibrating impulse wave as well as the impulse wave at BIL. The detection of the type of fault and its location determination is based upon several parameters such as deviation in the resonant peaks, their magnitudes as well as frequencies and the area under the curve between the two transfer functions at calibrating level and BIL, respectively. The algorithm of fault diagnosis based on frequency domain analysis is discussed below.
SERIES FAULTS
For series fault at the line end section, all the resonant pole frequencies in the BIL TF curve are more than their calibrating TF counterparts. The total area under the BIL TF curve also deviates from the area under the calibrating TF curve. On the other hand, in the case of series fault at the mid-winding section, it is found that the successive resonant peaks of the BIL TF curve come closer to their calibrating TF counterparts at higher frequencies. The
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i Domain Analyses Based Evert System for Impuke F a d second pole magnitudes are however much attenuated in the BIL TF curve. The area under the BIL TF curve is found to he closer to the area under the calibrating TF curve.
In the case of series fault at the ground-end section, the first two resonant poles of the BIL TF curve deviates very little in frequency from their calibrating TF curve counterparts but the pole magnitude of the BIL TF curve deviate from those of the calibrating TF curve.
SHUNT FAULTS
Shunt fault at the line-end section results in a major reduction in the magnitude of the BIL TF curve at all frequencies. The various resonance peaks are heavily attenuated, and are almost absent in the BIL TF curve. As the position of the shunt fault shifts towards the midwinding section, the magnitude of the TF curve increases resulting in an increase in the second pole height of the TF C U N~ as compared to the previous case of line-end shunt fault. However, in the TF curve at BIL, the first pole is found to be largely attenuated and in some cases it is totally, absent.
Shunt fault at the ground end section results in a reduction of the BIL TF curve magnitude after 25 kHz. At BIL, the first resonance peak is close in magnitude to its calibrating counterpart hut the second pole magnitude is much attenuated.
SIMULTANEOUS FAULTS
The method of diagnosis of simultaneous occurrence of shunt and series faults with the help of frequency domain analysis is described below.
SHLSE As in the case of time domain analysis, it has
been found in the frequency domain analysis also that the TF curve for SHLSE at BIL is very similar in nature to that of SHL at BIL and it has been observed that it is very difficult to differentiate between SHLSE and SHL TF curves.
SHMSEL Shunt fault at the mid-winding section along with simultaneous series fault at the line-end section cause huge attenuation of the first pole height in the BIL TF curve hut the second pole height is more in the BIL TF curve than the calibrating TF curve. The second pole frequencies, however, are vely close in the two TF cumes corresponding to BIL and calibrating level.
SHMSEM
In the case of simultaneous shunt and series faults at mid-winding section the first pole is very nearly absent and the second pole is greatly attenuated in the BIL TF curve as compared to the calibrating TF curve.
SHMSEE If the location of the series fault shifts towards the ground end with the shunt fault occurring at the mid-winding section, there is an increase in the second pole. height of the BIL TF curve as compared to that for SHMSEM, hut the second pole is found to occur at a much lower frequency in the BIL TF curve as compared to the calibrating TF curve.
In this context, however, it should also be kept in mind that frequency domain analysis, notwithstanding its advantages, has certain disadvantages, too, which are due to SHESEL Simultaneous occurrence of shunt fault at ground-end and series fault at line end is characterized by large attenuation of the first two pole heights and shifting of the second pole frequency to a higher value at BIL with respect to that in the TF curve at calibrating level. The area under the BIL TF curve is less than that under the calibrating TF curve.
SHESEM With the shunt fault occurring at the earth end, if the series fault occurs at the mid-winding section, then it is found that the area under the BIL TF curve deviates from the area under the calibrating TF curve. The second pole magnitude in the BIL T F curve is less attenuated than the case for SHESEL. Along with this, the first two resonance frequencies shift towards a comparatively higher value at BIL as compared to the TF curve at calibrating level.
SHESEE:
A simultaneous shunt and series fault at the ground-end section is characterized by a large attenuation of the pole heights at BIL, however the attenuation of the second pole is'less than that for SHESEL and more than that for SHESEM. It is also found that the first two resonance frequencies are higher in the BIL TF curve than those in the calibrating TF curve.
Logically, it follows that any fault, which may be diagnosed unambiguously, using time domain analysis, can he reconfirmed with the help of frequency domain analysis. the effects of noise, errors due-to analog to digital converters (ADC), windowing, sampling etc. Considering all the facts, it may therefore be stated that it is better not to depend solely upon any one method of analysis to arrive at a decision for impulse fault diagnosis. Consequently, the expert system TAFEDIFT employs both time and frequency domain analyses to supplement each other in the process of decision making, which leaves very little room for confusion in impulse fault diagnosis in high voltage transformers.
The algorithm of fault-detection, identification and its location determination by frequency-domain analysis, has also been presented in the integrated flow-chart of Figure  3 , the variables used therein being discussed in Appendix 1.
INFERENCE ENGINE
An inference engine capable of performing logical reasoning on the rules in the rule-base and statistical methods has been designed for fault diagnosis. The inference engine proceeds as follows 1. Uses the rules in the time-domain r u b b a s e to identify and locate the fault based on the data in the data-base.
2. Uses the rules in the frequency-domain rule-base to identify and locate the fault based on the data in the data-base.
Flashes the fault indication obtained from steps (i) and (ii).
4. Provide the user with the logic behind the fault diagnosis through the explanation module.
EXPLANATION MODULE
Whenever the expert system detects a fault, it immediately flashes a fault indication on the screen to the user.
Subsequently ifthe user wants to find out the logic behind the inference drawn, he may do so through the explanation module. Through the UI, the expert system informs the user about the decision-making path used by its inference engine as shown in Figure 7. 
UPDATING MODULE
Once a new set of raw data is acquired through experimentation or simulation, it goes through signal-conditioning filters incorporated using MATLAB; before being added to the data-base. Due to the modular construction of the software, the rule-base of the expert system can he updated and also expanded. 
IMPLEMENTATION OF TAFEDIFT
The expert system has been implemented on a PC at the IIV LahoratoIy of Jadavpur University. To demonstrate the effectiveness of the designed expert system, impulse fault diagnosis has heen performed on an analog model of a 33/11 kV, 3 MVA, and EMTP simulated models of a 33/11 kV, 5 MVA and a 20/6 kV, 7 MVA transformers. In all three cases, it has been considered that the HV winding was subjected to impulse test voltages. The parameters of the transformer models are presented in Appendix 11.
In the present study, voltage sensitive disc-to-disc short circuit faults involving 1% of the total winding length at a time has been simulated to represent series faults and disc-to-ground faults have been simulated to represent shunt faults. Faults have heen simulated in discs over the entire length of the winding to properly represent the three winding sections, namely the line-end, mid-winding and ground-end sections, each section comprising of 33.3% of the entire length of the winding. Performance of the 3 MVA transformer is studied with its whole winding being subjected to impulses from a Recurrent Surge Generator (RSG). The winding response, captured by the tank-current method, is acquired by the PC via RS-232 interface circuit through a Tektronix TDS 320, 100 MHz, 500 MS/s digital storage oscilloscope. The block diagram of the entire experimental arrangement is presented in Figure 8 , and the test set-up is shown in Figure 9 . For the 5 MVA and 7 MVA transformers, all the different types of faults which.were studied experimentally for the analysis of the 3 MVA transformer were simulated with EMTP models. inference engine of the designed expert system fo!lows the rule-base described earlier to operate on the values of these parameters for fault diagnosis. The decision-tree followed by the inference engine of the expert system for fault diagnosis are displayed in each case in the explanation module window, a typical onc of which is shown in Figure 7 . P H 2 Sum of deviations in the times of occurrence of the respective peaks in the two current waves under comparison between SO to 150 ps.
PH3: Sum of deviations in the times of occurrence of the respective peaks in the two current waves under comparison beyond 150 ps.
In the above three cases the parameters PH1, PH2 and 
